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The decomposition of NHI+C~OL, and methyl s u b s t i t u t e d  ammonium p e r c h l o r a t e  
systems have been s tud ied  under both i so thermal  and non-isothermal condi t ions  
( i n  the  l a t te r  case p res su re ,  up t o  2000 p s i ,  was a v a r i a b l e ) .  
t i o n a l l y  mixed and pressed  powder composite s t r a n d s  were used i n  making burning 
rate determinat ions.  The experimental  approach was e s s e n t i a l l y  a chemical one 
and the decomposition of NHqC104 (and methyl s u b s t i t u t e d  ammonium pe rch lo ra t e )  
was both acce le ra t ed  and dece le ra t ed  by a d d i t i v e s  and environmental  condi t ions .  
The r e s u l t s  w e r e  used t o  i d e n t i f y  the  NH4C104 decomposition mechanisms which 
appear t o  be important under combustion condi t ions .  A hypothesis  is  o f f e r e d  
t o  expla in  how t h e  i g n i t i o n  and decomposition of N H q C t 0 4  a f f e c t s  t h e  burning 
rate of an NH4C104 composite p rope l l an t .  
Both conven- 
V i  
THE EFFECT OF 
BALLISTIC 
Aero j e t  - 1 C 
SUMMARY 
An i n v e s t i g a t i o n  i n t o  t h e  mechanisms of ammonium pe rch lo ra t e  decompo- 
s i t i o n  and combustion ( i n  composite p r o p e l l a n t s )  has  l e d  t o  t h e  conclusion 
t h a t  condensed phase ( inc luding  s u r f a c e )  r e a c t i o n s  are important i n  both 
processes .  Both t h e  low temperature NH4C104 decomposition and subl imat ion  
can be suppressed by b a s i c  a d d i t i v e s  such as Na3P04, NaH2P04, and Sb2O3. 
These compounds s i g n i f i c a n t l y  reduce t h e  rate of decomposition and t h e  pro- 
po r t ion  of decomposition t o  subl imat ion  a t  temperatures  up t o  ~380OC; however, 
they have l i t t l e  e f f e c t  on the  NHkC104 decomposition process  a t  temperatures  
above %400°C. 
which a f f e c t  t h i s  decomposition) does n o t  a f f e c t  t h e  combustion of an NHqC104 
composite p r o p e l l a n t .  It i s  t h e  high temperature  decomposition which is 
important dur ing  t h e  combustion of an NHqC104 composite p r o p e l l a n t .  Chemical 
pe r tu rba t ions  of t h e  N H q C l 0 4  d i ssoc ia t ive-evapora t ion  mechanism appear t o  
a f f e c t  combustion only i f  t h e  h e a t  f l u x  back t o  t h e  s u r f a c e  of t h e  p r o p e l l a n t  
i s  low, and have l i t t l e  e f f e c t  on combustion i f  a c a t a l y s t  is  p resen t .  
There is evidence t h a t  t h e  ca ta lyzed  AP decomposition mechanism wi th  copper 
compounds is  d i f f e r e n t  from t h a t  wi th  i r o n ,  manganese, and chromium compounds. 
A hypothesis  i s  o f f e r e d  which cons iders  t h e  observed burning rate as t h e  sum 
of the  i g n i t i o n  t i m e  f o r  a p a r t i c l e  and t h e  burning rate of t h e  p a r t i c l e .  
The hypothesis  i s  used t o  exp la in  t h e  burning rate depress ion  which occurs  
when a small amount of an  organic  amine i s  added t o  an  NHqC104 composite. 
This hypothes is  can a l s o  exp la in  nega t ive  p re s su re  exponents and h igh  p res su re  
extinguishment found w i t h  some NHI+C~OI+ composite p r o p e l l a n t s  t h a t  have f u e l s  
which m e l t ,  and do no t  go through a cha r  formation,  during combustion. 
The low temperature  decomposition (and t h e r e f o r e  those  a d d i t i v e s  
INTRODUCTION 
s and mechanisms 
t o  determine t h e i r  con t r ibu t ion  
at o r  below t h e  burning s u r f a c e  
d (2) t o  determine mechanisms f o r  those  
emphasis has  been on s tudying t h e  change i n  p r o p e r t i e s  of t h e  o x i d i z e r ,  
1 
ammonium pe rch lo ra t e  (AP), and r e l a t e d  ox id ize r s  such 
ammonium pe rch lo ra t e s  on t h e  a d d i t i o n  of s m a l l  amount 
p o s i t i v e  and negat ive)  compounds, The f u e l  w a s  he ld  
a given prope of t h e  o x i d i z e r ,  however an i n v e s t i g  
r o l e  of t h e  f component i n  the  combustion of AP-fuel composi 
The exothermic decomposition of am 
in f luences  t h e  combustion behavior  of AP c 
s t u d i e s  (References 1 through 11) have revea led  many of t h e  p r i n c i p a l  f e a t u r e s  
of t he  decomposition of pure  AP, however t h e r e  are s t i l l  d i f f e rences  of 
op in ion  on t h e  mechanisms by which t h i s  decomposition proceeds (Reference 1 2 ) .  
Some s t u d i e s  (References 13 through 18) on t h e  e f f e c t  of c a t a l y s t s ,  p r imar i ly  
t r a n s i t i o n  metal oxides  and salts, on t h e  decomposition of AP a t t r i b u t e  t h e  
inc rease  i n  rate to  e l e c t r o n  t r a n s f e r  a t  po in t s  of con tac t  between t h e  AJ? 
and the  metal p a r t i c l e .  A recent  review (Reference 19)  has  covered much of 
t h e  da t a  no t  only on AP decomposition b u t  a l s o  on t h e  combustion of AP and 
AP-fuel composites. More r e c e n t l y  it has  been suggested (References 20, 21) 
t h a t  the  primary r o l e  of t h e  c a t a l y s t  i s  t o  provide a s i t e  f o r  t h e  hetero-  
geneous decomposition of t h e  p e r c h l o r i c  a c i d  formed from t h e  d i s s o c i a t i o n  of AF’. 
The program w a s  a cont inua t ion  of previous work (Reference 20) i n  t h e  
area of both ca ta lyzed  and uncatalyzed amonium p e r c h l o r a t e  decomposition and 
i t s  r e l a t i o n  t o  t h e  combustion of an AP-fuel composite p rope l l an t .  The exper i -  
mental  approach w a s  t o  test t h e  va r ious  pos tu l a t ed  decomposition and combustion 
mechanisms by using chemical means t o  in f luence  t h e  decomposition and com- 
bus t ion  of t h e  p e r c h l o r a t e  ox id i ze r .  Since previous work ind ica t ed  t h a t  
p e r c h l o r i c  a c i d  w a s  an  important  i n t e rmed ia t e  i n  the  decomposition process ,  
a d d i t i v e s  t h a t  would c a t a l y z e  p e r c h l o r i c  a c i d ,  both p o s i t i v e l y  and nega t ive ly ,  
were inves t iga t ed .  The work w a s  d iv ided  i n t o  two s e c t i o n s ;  (1) decomposition 
s t u d i e s  which i n v e s t i g a t e d  the  p r o p e r t i e s  of t h e  materials as h e a t  is  app l i ed  
t o  them, and (2) s t u d i e s  of t h e  materials under a c t u a l  combustion condi t ions  
(no e x t e r n a l  energy added t o  the  system) a The two s t u d i e s  are complementary 
and r e l a t i o n s h i p s  (both  p o s i t i v e  and negat ive)  were determined between t h e  
decomposition and t h e  combustion processes .  
p a r t i c l e  s i z e  and f u e l  w e r e  he ld  cons tan t  whi le  i n v e s t i g a t i n g  many of t h e  
p r o p e r t i e s  of t he  o x i d i z e r .  
experiments gave a d d i t i o n a l  i n s i g h t  i n t o  t h e  o v e r a l l  combustion process .  
Var iab les  such as o x i d i z e r  
However, varying t h e s e  parameters  i n  s e l e c t e d  
When necessary,  materials where synthes ized  t o  m e e t  t he  demands of t h e  
program. The experimental  work u t i l i z e d  several d i f f e r e n t  thermogravimetric 
ba lances ,  d i f f e r e n t i a l  thermal and scanning c a l o r i m e t r i c  equipment. A pres-  
s u r e  v e s s e l  p rev ious ly  Constructed (Reference 20) allowed d i f f  n t i a l  thermal  
a n a l y s i s  t o  be run a t  p re s su res  up t o  2000 p s i .  I n  t h e  course of t h e  program 
a s t r a n d  p r e s s  and d i e s  were cons t ruc ted  which made i t  p o s s i b l e  t o  o b t a i n  
burning rates wi th  p re s sed  powder s t r a n d s .  
2 
PROCEDURES, RESULTS AND DISCUSSION 
I. EXPERIMENTAL 
A. EQUIPMENT 
A l l  ambient p re s su re  d i f f e r e n t i a l  thermal  ana lyses  (DTA) w e r e  
P re s su re  DTA work used 
performed wi th  a commercial instrument  (duPont 900). An attachment a l s o  
allowed i so thermal  d i f f e r e n t i a l  thermal  a n a l y s i s .  
t h e  c o n t r o l s  and record ing  s e c t i o n  of t h e  above instrument  i n  a d d i t i o n  t o  a 
remote cab le  which c a r r i e d  the  electrical l eads  t o  a p res su re  vessel (Refer- 
ence 20). 
p re s su res  above 1000 p s i  were maintained by t h e  use  of an a u x i l i a r y  h e a t e r ,  
which c o n s i s t s  of a nichrome w i r e  wound i n t o  an  asbes tos  j a c k e t ,  around t h e  
sample  block.  
d i f f e r e n t i a l  scanning ca lo r ime te r  (Perkin-Elmer DSC-1B). 
Due t o  h e a t  l o s s e s  t o  t h e  p re s su r i zed  atmosphere, hea t ing  rates a t  
Quan t i t a t ive  d a t a  a t  ambient p re s su re  were obta ined  wi th  a 
Thermogravimetric work w a s  performed on t h r e e  d i f f e r e n t  i n s t r u -  
ments. For  co r ros ive  gas  atmospheres, an appara tus  w a s  used which cons i s t ed  
of a qua r t z  sp r ing  i n  an oven hea ted  tube and measurements were made wi th  a 
cathometer.  I so thermal  measurements under a i r  o r  n i t r o g e n  atmospheres w e r e  
made wi th  a commercial automatic  recording thermogravimetric ba lance  (Ainsworth). 
Non-isothermal measurements were made wi th  an  attachment t o  t h e  DTA (duPont 950).  
A hot  p l a t e  apparatus  w a s  cons t ruc ted  which al lows AP t o  be  hea ted  i n  such a 
manner t h a t  t h e  subl imate  can condense immediately above t h e  h o t  su r f ace .  The 
AP (a15 mg) is spread  i n  a very t h i n  l a y e r  on an  aluminum s u r f a c e  15 mm i n  
diameter .  The aluminum is  then p laced  i n  a recess ($1 mm) i n  t h e  s u r f a c e  of 
t h e  h o t  p l a t e .  
wool plug loca ted  %3 mm above t h e  sample. 
The sample i s  surrounded by a g l a s s  cy l inde r  conta in ing  a g l a s s  
Model combustion systems were mixed wi th  a 150 g (Baker-Perkin 1 PX) 
vert ical  mixer. The mixes were cast i n t o  straws and burned uncured o r  cast 
i n t o  a b lock  (a 8 x 5 x 2 cm) ,  cured,  c u t  i n t o  s t r a n d s ,  and then  burned. 
Burning rates were obta ined  i n  e i t h e r  a Crawford bomb using t i m e  i n t e r v a l  
wires o r  a window bomb ( b u i l t  under NAS 1-6600) us ing  t o t a l  e lapsed  t i m e .  
A second type  of combustion system used w a s  t h e  pressed  s t r a n d .  A s t r a n d  
d i e  and p r e s s  frame, designed and b u i l t  at Aero je t  (Figure l) ,  w a s  used i n  
compressing the  materials. The d i e  w a s  designed to  minimize t h e  d e n s i t y  
g rad ien t  i n  the  s t r a n d .  The dimensions of t h e  compacted s t r a n d  are 0.95 cm x 
0.95 cm x 1 2 . 2  cm. div>dual burning s u r e  
po in t s  are obta ined  b and i n t o  f o u r  app l eng ths  
and t e s t i n g  i n d i v i d u a l l y  i n  a c losed  bomb wi th  pressure- t ime ins t rumenta t ion .  
3 
B e  NATERIALS 
Ammonium pe rch lo ra t e  (AP) 
received ( t h e  AP d i d  no t  conta in  Ca3(P 
has  shown t h a t  t h e  impur i t  
p r imar i ly  a f f e c t  the low t 
e t  t h e  combustion 
t e d  i n  t h e  cu r ren t  
were used as rece ived ,  however t h e i r  f u n c t i o n a l i t y  w a s  determined f o r  those  
s y s t e m s  which were cured. 
Methyl s u b s t i t u t e d  ammonium pe rch lo ra t e s  are made by t h e  n e u t r a l i -  
za t ion  of an aqueous s o l u t i o n  of t h e  amine by p e r c h l o r i c  a c i d  ( f o r  te t ramethyl-  
ammonium pe rch lo ra t e  t h e  s t a r t i n g  material i s  tetramethylammonium hydroxide) .  
To avoid occluded H C 1 0 4 ,  t h e  n e u t r a l i z a t i o n  is s topped whi le  t h e  s o l u t i o n  is 
s t i l l  b a s i c  and the  excess  amine taken o f f  under vacuum. The s o l u t i o n  i s  then  
evaporated down t o  nea r  dryness and f i l t e r e d .  
r e c r y s t a l l i z e d  from warm i sopropyl  a l coho l .  
The amine pe rch lo ra t e s  are 
C. PROPELLANT FORMVLATION 
The b a s i c  formulat ion used w a s  
Ammonium pe rch lo ra t e  
3 - 911 
20 - 75u 
75 - 1 5 0 ~  








Hydroxy terminated polybutadiene 18.2% 
Octy l  diphenyl  phosphate 5.0% 
Hexamechytene d i i socyana te  1.7% 
Trimethylol  propane 0.1% 
Addit ives  w e r e  s u b s t i t u t e d  i n  va r ious  ways and are descr ibed  i n  t h e  t e x t  as 
are changes i n  the  o x i d i z e r  o r  f u e l  composition. 
I1 (J 
The cu r ren t  y e a r ' s  e f f o r t  i s  based on the  framework of t h e  prev io  
y e a r ' s  conclusions (Reference 20) wi th  t h e  primary emphasis on t h e  r o l e  of 
4 
p e r c h l o r i c  a c i d  i n  t h e  decomposit 
(AP) and AP-containing composite p r o p e l l a n t s .  
u s t i o n  of ammonium p e r c h l o r a t e  
A. DECOMPOSITION STUDIES 
1. E f f e c t  of Inorganic  Bases 
Iso thermal  s t u d i e s  of AP i n  t h e  presence of a b a s i c  material, 
i . e . ,  Na3P04, have shown t h a t  t h e  base  a f f e c t s  both t h e  low temperature  de- 
composition and subl imat ion .  
t he  e f f e c t s  of t h e  simultaneous processes  of decomposition and subl imat ion  
and t o  determine whether decomposition occurs  i n  t h e  gas phase o r  a t  t h e  
condensed phase.  I n  t h e  prev ious ly  descr ibed  appa ra tus ,  t h e  subl imate  con- 
denses on the  g l a s s  wool plug above t h e  sample and t h e  walls immediately 
ad jacen t  t o  t h e  sample. The c y l i n d e r ,  wi th  g l a s s  wool p lug ,  i s  weighed p r i o r  
t o  and a f t e r  each run wi th  the  i n c r e a s e  i n  weight being t h e  subl imate .  
of t h e  decomposition gases  would condense under t h e s e  condi t ions .  The o r i g i n a l  
sample weight minus t h e  sum of t h e  subl imate  and t h e  f i n a l  sample weight i s  t h e  
amount decomposed dur ing  t h e  run ( t h i s  i s  a l s o  a realist ic assumption s i n c e  no 
condensed phase decomposition products  of AP have ever been de tec t ed ) .  
A h o t  p l a t e  appara tus  was designed t o  s e p a r a t e  
None 
The experimental  condi t ions  were such t h a t  any e r r o r  would be  
i n  t h e  d i r e c t i o n  of t oo  l o w  a va lue  f o r  t h e  subl imate .  Some of t h e  subl imate  
may decompose a f t e r  condensing on t h e  walls of t h e  c y l i n d e r ,  however t h e  
temperature g rad ien t  w a s  such t h a t  subl imate  w a s  found on t h e  cy l inde r  w a l l  
%l mm above the  h o t  p l a t e .  Table 1 summarizes the  d a t a  from t h e s e  i so thermal  
decomposition experiments over  t h e  temperature range of 33OOC t o  378OC. 
TABLE 1 
ISOTHERMAL DECOMPOSITION AND SUBLIMATION STUDIES 
AD Ap + 10% Na3P04 
N 
Time(a) % Decomposed % ‘Sublimed @ 4 Decomposed(c) % Sublimed(C) @ 
330 25 62.9 k LO 9.6 k 4.0 13 .2  14 .2  4 0.6 16.7 k 0 54 .O 
344 25 58.3 k 4 22.1 k 1 . 3  27.5 17.2 k 1.0 34.7 -t. 5.0  67.0 
360 15  .8 k 1 21.7 k 0 .3  26.0 22.5 4 2.5 34.5 0.7 60.3 
378 10 .6 It: 0.4 24.3 4 0.4 25.6 17.5 k 0.7  43.6 0.4 71.4 
( a )  Minutes 
@ 
(c) 
% of r e a c t i o n  t h a t  proceeds by subl imat ion  
Based on weight of AP 
5 
The i so thermal  decomposition of AP, with  and without  base ,  
was followed thermogravfmetr ical ly  a t  two temperatures  -- 268°C (low tempera- 
t u r e  reg ion)  and 382OC (b temperature  r eg ion ) .  Three d i f f e r e n t  
samples were run a t  each 
occluded, and (3) pure  AP i c a l l y  mixed w i t h  10% Na3P04. 
are p l o t t e d  i n  F igures  2 een t h a t  t h e  base ,  
o r  mechanically mixed, s i  
bu t  no t  a t  382'C. A t  268 
w a s  much slower than  t h e  mechanical mixture  conta in ing  10% Na3P04. 
There appear t o  be  some d i sc repanc ie s  between t h e  h o t  p l a t e  
and t h e  thermogravimetric (TGA) experiments.  These d i f f e r e n c e s  can be accounted 
f o r  by t h e  d i f f e r e n c e s  i n  t h e  temperature  environments of t h e  samples. The 
more r a p i d  rates observed i n  the  h o t  p l a t e  experiments are due t o  t h e  AP d i s -  
s o c i a t i o n  equi l ibr ium being dr iven  forward by t h e  e s s e n t i a l l y  i r r e v e r s i b l e  
desorb t ion  of the  d i s s o c i a t i o n  products  i n t o  t h e  c o o l e r  environment ( t h e  f i r s t  
s t e p  i n  both subl imat ion  and decomposition being t h i s  d i s s o c i a t i o n ) .  I n  t h e  
TGA experiments t h e  temperature  environment is  such t h a t  an equi l ibr ium con- 
d i t i o n  is  approached i n  t h e  desorb t ion  s t e p .  
( a t  268°C) show t h e  r e t a r d i n g  e f f e c t  of t h e  base  on t h e  AP decomposition. A t  
2380°C t h e  TGA experiments show no e f f e c t  of t h e  added base  whi le  t h e  ho t  p l a t e  
experiments i n d i c a t e  t h e r e  is  s t i l l  an e f f e c t .  
shown t h a t  i t  is  between 380-400°C t h a t  t he  NH, atmosphere no longer  a f f e c t s  
t h e  AP decomposition and t h e  cu r ren t  TGA experiments are i n  accord wi th  t h e s e  
r e s u l t s .  I n  the  h o t  p l a t e  experiments t h e  temperature  i s  recorded from a 
thermocouple loca t ed  j u s t  under t h e  s u r f a c e  of t h e  h o t  p l a t e .  The s t e e p  
temperature g rad ien t  above t h e  s u r f a c e  makes i t  l i k e l y  t h a t  t h e r e  w a s  a 
temperature g rad ien t  from t h e  bottom t o  t h e  top of t h e  sample. Since these  
experiments were a t  temperatures  which are on t h e  border  l i n e  between t h e  two 
decomposition mechanisms, t h e  base  exh ib i t ed  a r e t a r d i n g  e f f e c t  on t h a t  p a r t  
of t h e  AP i n  t h e  coo le r  regions.  
Hot p l a t e  and TGA experiments 
Previous work wi th  NH3 has  
D i f f e r e n t i a l  thermal a n a l y s i s  (DTA) traces at ambient pres-  
s u r e  of pure  AP and AP mixed with t r i sodium phosphate (TSP) look e s s e n t i a l l y  
the  same except  t h a t  i n  the  presence of base  t h e  low temperature  exotherm 
( ~ 3 2 5 ° C )  does not  occur  u n t i l  %4OO0C.  
work (Reference 20)  when AP w a s  i n  an  ammonia atmosphere o r  w i th  ammonia 
r e l eas ing  compounds such as (NHL+)~SO~+. 
becomes much more n o t i c e a b l e  with inc reas ing  p res su re .  A t  a p re s su re  of 500 
p s i ,  i n  t h e  presence of a base,  t h e  AP decomposition exotherm does no t  occur  
u n t i l  temperatures  >4OO0C whi le  wi thout  base  t h e  AP decomposition temperature  
is  lowered t o  ~ 3 2 5 O C .  To avoid t h e  complicat ion of t h e  added base  r e a c t i n g  
i n i t i a l l y  wi th  the  AP t o  release NH.3 (which is de tec t ed  when AP and NajP04 
are mixed), several less b a s i c  subs tances  were examined. It w a s  found t h a t  
substances such as NaH2P04, SbpO3, and As203 a l l  raise (relative t o  t h e  con- 
t r o l )  t h e  temperature a t  which t h e  AP decomposition exotherm occurs .  
A similar e f f e c t  was noted i n  previous 
The s t a b i l i z f n g  e f f e c t  of t h e  base  
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2, E f f e c t  of Ammonia Atmosphere 
Previous  work (Reference 20) has  shown t h a t  a t  ambient pres -  
However, when a c a t a l y s t  is  ad 
s u r e ,  AP decomposition and subl imat ion  are e s s e n t i a l l y  suppressed by ammonia 
up t o  temperatures  of %4OO0C. 
g r a t i o n  temperature  of t h e  AP-catalyst  mixture  under ammonia 
under n i t rogen .  
p re s su res  of 1000 p s i .  The NH3 p a r t i a l  p re s su re  was kept  cons tan t  at 70 p s i  
and N 2  used t o  reach t h e  des i r ed  t o t a l  p re s su re .  F igure  5 shows a series of 
DTA traces of AP decomposition under a cons tan t  p a r t i a l  p re s su re  of NHJ as a 
func t ion  of t o t a l  p re s su re .  A t  a l l  p re s su res  AP is  more s t a b l e  i n  an  atmos- 
phere conta in ing  NH3 than  under pure  N 2  (compare F igure  6 ) .  The low tempera- 
t u r e  exotherm is  d i sp laced  t o  %380-4OO0C and t h e  energy of t h i s  exotherm 
inc reases  wi th  inc reas ing  p res su re  u n t i l  i t  l e a d s  t o  d e f l a g r a t i o n  a t  500 p s i .  
Af t e r  t h i s  p re s su re  t h e r e  i s  l i t t l e  f u r t h e r  decrease  i n  d e f l a g r a t i o n  tempera- 
t u r e  w i t h  inc reas ing  p res su re  ( t h e  d e f l a g r a t i o n  temperature  does no t  go below 
~380 'C) .  
I n  t h e  present  work these  s t u d i e s  have been extended up t o  
3 .  E f f e c t  of H C l O 4  on AP Decomposition 
S ince  b a s i c  materials have proved e f f e c t i v e  i n  r e t a r d i n g  t h e  
decomposition of AP (presumably through s t a b i l i z a t i o n  of HClOQ), i t  was con- 
s ide red  u s e f u l  t o  i n v e s t i g a t e  t h e  e f f e c t  of ' f r e e '  HC104 on AP decomposition. 
Figure 7 shows t h a t  when 5% H C l O 4  is  added t o  AP, an  exothermic r e a c t i o n  
begins  a t  %140°C and peaks a t  ~195 'C .  Af t e r  t h e  AP phase t r a n s i t i o n  t h e r e  is  
a sha rp  exotherm peaking a t  %315'C. 
t o  N a C 1 ,  t h e r e  is no evidence of an exothermic r e a c t i o n .  However, a small  
endotherm occurs between 130' and 145°C. 
AP - 5% HC104 mixture  is  t o  suppress  t h e  low temperature  exotherm ( ~ l 5 0 ' C )  
and cause the  f i n a l  exotherm t o  begin  a t  ~~230 'C and t u r n  i n t o  d e f l a g r a t i o n  
above 300'C. 
I f  t h e  same quan t i ty  of HC104 is added 
The e f f e c t  of p re s su re  on an 
4 .  E f f e c t  of Ca ta lys t  and Base 
I n  previous  work (Reference 20) i t  has  been shown t h a t  a 
c a t a l y s t  such as Cu0202 lowers t h e  temperature a t  which t h e  AP 'h igh tempera- 
t u r e '  r e a c t i o n  becomes r a p i d  from %38OoC t o  %31O-32O0C. 
i t  i s  shown t h a t  even under 70 p s i  p.p. NH3 and a t o t a l  p re s su re  of 500 p s i  
Cu0202 lowers t h e  d e f l a g r a t i o n  temperature  t o  %32OoC (Figure 8). A s  i n  t h e  
ear l ie r  AF' work wi th  Cu0202 under an ammonia atmosphere, t h e  f i n a l  decompo- 
s i t i o n  r e s u l t e d  i n  de tona t ion  r a t h e r  than  d e f l a g r a t i o n .  Under t h e s e  cond i t ions  
(ammonia atmosphere and p res su re ) ,  bo th  t h e  'low temperature '  decomposition 
and subl imat ion  are e s s e n t i a l l y  suppressed.  When Cu0202 i s  added t o  an 
AP-Na3P04 mixture ,  i t  aga in  lowers t h e  d e f l a g r a t i o n  temperature (Figure 9 ) .  
I n  t h e  p re sen t  work 
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I t  i s  i n t e r e s t i n g  t o  no te  t h a t  i n  t h e  presence of a base  o r  an ammonia atmos- 
phere,  Fe,03, un l ike  Cu0202, does no t  lower the  d e f l a g r a t i o n  temperature  of 
AP below ~380'C. The temperature a t  which a c a t a l y s t  becomes e f f e c t i v e  under 
an NHJ atmosphere i s  a p o s s i b l e  way of d i f f e r e n t i a t i n g  between classes of 
c a t a l y s t s .  D T A ' s ,  i n  a i r ,  of AP and a series of c a t a l y s t s  (Cu, CuO, Cr203,  
CojO,, FeZOj, and MnO2) a l l  show an  e x o t h e m  beginning a t  %300°C. 
test cond i t ions  t h i s  exotherm, wi th  t h e  except ion  when COJOQ is the c ¶ 
does n o t  l e a d  t o  d e f l a g r a t i o n .  
atmosphere, t h i s  e a r l y  exotherm is suppressed f o r  a l l  t h e  c a t a l y s t s  except  
Cu and CuO. 
wi th  Fe20J,  C r 2 0 9 ,  and MnOr d e f l a g r a t i o n  does n o t  occur  u n t i l  ~380OC. 
is  an in te rmedia te  case where the  NH3 r ep res ses  t h e  e a r l y  exotherm b u t  t h e  
sample  d e f l a g r a t e s  a t  %34OoCa 
sample  geometry and h e a t i n g  rate.  
Under t h e  
When t h e  same series i s  run under an  
I n  t h e  case of Cu and CuO, t h e  samples detonated a t  3OO0C whi le  
Co3O4 
A l l  t h e  temperatures  quoted are f o r  a cons tan t  
5. Methyl Subs t i t u t ed  Ammonium P e r c h l o r a t e  
Methyl s u b s t i t u t e d  ammonium p e r c h l o r a t e s  have proved t o  be  
i n t e r e s t i n g  compounds both  from t h e i r  usefu lness  i n  he lp ing  t o  understand t h e  
mechanism of AP decomposition and as p o t e n t i a l l y  u s e f u l  a u x i l i a r y  o x i d i z e r s .  
It has been shown (Reference 20) t h a t  n e i t h e r  h igh  p res su re  nor  c a t a l y s t s  are 
ab le  t o  lower t h e  temperature  a t  which AP d e f l a g r a t e s  below t h e  phase 
t r a n s i t i o n  temperature a t  which t h e  p e r c h l o r a t e  i o n  is f r e e  t o  r o t a t e ,  A t  
moderate hea t ing  rates of LO-2O0C/min., n e i t h e r  p re s su re  nor  c a t a l y s t s  lower 
t h i s  d e f l a g r a t i o n  temperature  below %300°C. Methylamine p e r c h l o r a t e  ( M A P ) ,  
whose decomposition involves  d i s s o c i a t i o n  i n t o  a methyl s u b s t i t u t e d  ammonium 
i o n  and p e r c h l o r i c  a c i d  a l s o  d e f l a g r a t e  a t  'LSOO'C. 
t h e  p e r c h l o r a t e  ion  i n  MAP i s  f r e e l y  r o t a t i n g  a f t e r  t h e  178'C t r a n s i t i o n  
(Reference 22) and t h e  compound m e l t s  a t  260OC. 
dimethylamine p e r c h l o r a t e  (DMAP) which m e l t s  a t  180'C y e t  does n o t  d e f l a g r a t e  
u n t i l  i t  reaches almost 300°C. I n  a DTA, t h e  d e f l a g r a t i o n  temperature  of AP 
i s  Powered from 495OC t o  % 3 f O a C  by p r e s s u r e  (due e i t h e r  t o  a u t o c a t a l y s i s  by 
H C l O k  o r  t o  c a t a l y s i s  by t h e  ' l o w  temperature '  decomposition products )  o r  by 
metal c a t a l y s t s  a t  any p res su re .  
(~300°C)  is  n o t  s i g n i f i c a n t l y  lowered by e i t h e r  p r e s s u r e ,  F igure  10, o r  
e a t a l y s t s  such as Cu0202, 
temperature i s  a f u n c t i o n  of hea t ing  rate,  geometry of t h e  sample, e tc . ,  
however t h e  relative cons is tency  of t h i s  temperature under e s s e n t i a l l y  s imilar  
condi t ions  i s  s i g n i f i c a n t .  While t h e  d e f l a g r a t i o n  temperatures  of t h e  amine 
pe rch lo ra t e s  could n o t  be lowered s i g n i f i c a n t l y ,  t h e i r  decomposition could b e  
s t a b i l i z e d  by the  same compounds which s t a b i l i z e  AP (e .g . ,  NaHZP04). 
This  is i n t e r e s t i n g  as 
Poss ib ly  more s t r i k i n g  i s  
The d e f l a g r a t i o n  temperature  of MAP and DMAP 
(The la t ter  system d e f l a g r a t e s  a t  %275'C,) Actual  
Tetramethylammonium p e r c h l o r a t e  (TeMAP) is  t h e  one compound 
which does n o t  f i t  t h e  above d e s c r i p t i o n ,  and i t  is  a l s o  t h e  one compound 
which does n o t  have a pro ton  a v a i l a b l e  t o  form HClO,, Although both  ions  are 
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f r e e  t o  r o t a t e  a f t e r  t h e  340°C t r a n s i t i o n  (Reference 22),  decomposition does 
not  l e a d  t o  d e f l a g r a t i o n  u n t i l  %38O-41O0C. P res su re ,  c 
o r  b a s i c  substances such as NaH2P04 have very l i t t l e  e f  
temperature  (Figure 11) of T e W .  
There are problems i n  making q u a n t i  e c a l o r  i c  
measurements on a compound, such as AP, which decomposes by s imultaneous 
endothermic (subl imat ion)  and exothermic (decomposition) pa ths .  The calo- 
rimetric va lue  a t  any p o i n t  i s  t h e  sum of t h e  endothermic and t h e  exothermic 
process  wi th  the  trace showing t h e  n e t  p o s i t i v e  o r  nega t ive  va lue  of t h i s  
summation. 
a n e t  exothermic va lue  is approximately 400°C. 
experiments t h a t  under t h e s e  condi t ions  (moderate hea t ing  rates) t h a t  t h e  AP 
i s  both subliming and decomposing be fo re  i t  g e t s  t o  t h e  temperature  ('L4000C) 
a t  which t h e  major exotherm begins .  
h igher  temperature i s  reached is a func t ion  of t h e  hea t ing  rate. TGA's of AP 
a t  t h r e e  d i f f e r e n t  h e a t i n g  rates show t h e  v a r i a t i o n  i n  sample l o s t  by t h e  t i m e  
400°C i s  reached ranges from 100% at  5"C/min. t o  35% a t  20°C/min. However, 
by keeping a l l  experimental  parameters cons tan t ,  i t  w a s  p o s s i b l e  t o  make some 
i n t e r e s t i n g ,  i n t e r n a l l y  c o n s i s t e n t ,  semi-quant i ta t ive  observa t ions .  Table  2 
summarizes t h e  r e s u l t s  from d i f f e r e n t i a l  scanning ca lor imet ry  (DSC) runs wi th  
AP, AP-fuel, methylamine pe rch lo ra t e  (MAP), and dimethylamine pe rch lo ra t e  
(DMAP) . 
With pure  AP t h e  temperature  a t  which t h e  processes  begin t o  have 
It has  been shown i n  previous 
Therefore ,  t h e  sample  l e f t  when t h i s  
TABLE 2 
DECOMPOSITION STUDIES USING DSC 
Sample Calories/mg 
AP 226 -1- 5 
AP/PE(a) 1018 -1- 50 
MAP 980 t 20 
D W  1038 -1- 50 
(a) 89/11 mixture  of AP/polyethylene 
Sannle s i z e  2 t o  5 mg 
Sea t ing  sate -- 2Q"Clmin. 
Values are an average of t h r e e  
i n d i v i d u a l  de te rmina t ions  
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MAP w a s  taken as oxygen balanced and t h e  AP f u e l  system 
formulated t o  the  same oxygen balance.  I f  the  formula f o r  MAP i s  w r i t t e n  as 
CH2NH,C1Q,, i t  can b e  seen  t h a t  t h e  d i f f e r e n c e  be  
group t h e r e f o r e  powdered polyethylene (PE) w a s  u s t h e  f u e l .  It can be  
seen from Table 2 t h a t  t h e  exothermic h e a t  releas 
fou r th  t o  one - f i f th  t h a t  of t h e  AP-PE mixture ,  wh e i n  t u r n  has  
approximately t h e  same h e a t  rele as M A P .  When 
compound, DMAP, t he  h e a t  release might be  expected t o  decrease;  however, i t  
a c t u a l l y  remains about t h e  same as i n  t h e  oxygen balanced systems. 
MAP and AP i s  a CH2 
B .  COMBUSTION 
1. Inorganic  Bases 
Over t h e  p re s su re  range of 300-2500 p s i ,  a nega t ive  
ca ta lys t  such as NaH2P04 has  no e f f e c t  on the  combustion of an AP-composite 
p rope l l an t  o t h e r  than t h a t  of an i n e r t  d i l u e n t .  The a d d i t i o n  t o  t h e  composite 
of a c o n t r o l  a d d i t i v e  w i t h  an ox id iz ing  anion,  Na2S04, and one wi th  a non- 
oxid iz ing  anion,  N a C l ,  r e s u l t e d  i n  approximately equal  burning rates and t h e  
e f f e c t  of t h e s e  a d d i t i v e s  on the  burning rate (between 600 and 2500 p s i )  is 
approximately the  same as t h a t  of NaHzP04 (Figure 1 2 ) .  A t  lower p re s su res  
(15-300 p s i )  t he re  is  a g r e a t e r  d i f f e r e n c e  between t h e s e  t h r e e  systems. The 
main d i f f e r e n c e  a t  t h e s e  lower p re s su res  i s  not  t h e i r  burning rates ( a t  a 
pressure  a t  which a l l  systems burn) ,  bu t  r a t h e r  t h e  f a c t  t h a t  some of t he  
formulat ions w i l l  no t  s u s t a i n  combustion u n t i l  r e l a t i v e l y  high p res su res  are 
a t t a i n e d  (%300 p s i  f o r  N a C 1 ,  ~ 1 5 0  p s i  f o r  Na2S04, and Q50 p s i  f o r  NaH2P04). 
I f  t he  s t r a n d  is  not  r e s t r i c t e d ,  a l l  formula t ions  burn even a t  atmospheric 
pressure ;  however, burning takes  p l a c e  p r imar i ly  down the  s i d e s  of t h e  s t r a n d ,  
%.e., forms a cone. 
2 .  Ammonia 
I n  t h e  present  work, an  ammonia atmosphere was shown t o  have 
no e f f e c t  on the  i g n i t i o n  o r  burning of an  AP-fuel mixture  (cured composite 
with an unsa tura ted ,  hydroxy terminated polybutadiene b inde r ) .  This  i s  con- 
t r a r y  t o  r e s u l t s  i n  some o l d e r  work a t  JPL (Reference 23).  
experiments,  ammonia r e l e a s i n g  compounds such as (NHQ)~SO, were blended i n t o  
a similar composite p r o p e l l a n t .  
(NH,)2SO, w a s  added t o  an AP-fuel (75/25) mixture ,  N a C l  and Na2S04 were used 
i n  the  c o n t r o l  formula t ion  t o  determine t h e  e f f e c t ,  i f  any, of t h e  ca t ion .  A l l  
t h e  mixtures  burned a t  approximately t h e  same rate i n  the  p re s su re  range from 
300-2500 p s i  (Figure 13).  
of t h e  AP ( in s t ead  of be ing  added t o  t h e  base formula t ion) ,  t h e  e f f e c t  w a s  
q u i t e  d i f f e r e n t .  The burning rate p res su re  curve of a formula t ion  which w a s  
65% AP, 10% (NH,),SO,, and 25% polymeric f u e l  had a p l a t eau  between 300-1000 
I n  another  set of 
I n  t h e  i n i t i a l  experiments,  10% NHt.+Cl o r  
When 10% of t h e  a d d i t i v e  w a s  s u b s t i t u t e d  f o r  10% 
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p s i  and a d i s c o n t i n u i t y  between 1000-1500 p s i ,  followed by h ighe r  burning 
rates a t  t h e  h ighe r  p re s su res ,  F igure  14. 
raised by s u b s t i t u t i n g  aluminum f o r  p a r t  of t h e  polymeric f u e l ,  t h e  e f f e c t  of 
t h e  NHJ r e l e a s i n g  a d d i t i v e  diminished. S imi l a r ly ,  adding Cu0202, even a t  t h e  
lower flame te  r a t u r e ,  decreases  o r  e l imina te s  t h e  e f f e c t  of 
atmosphere". bo th  of these  l a t t e r  cases, t h e  burning rate curve 
did no t  show a d i s c o n t i n u i t y  between 1000-1500 p s i  and had a p o s i t i v e  pres -  
s u r e  exponent over  t h e  p re s su re  range of 300-1000 p s i  (Figure 1 5 ) .  
p re s su re  DTA work (2000 p s i )  sugges ts  a p o s s i b l e  a l t e r n a t e  exp lana t ion  (from 
a change i n  Q) f o r  t h e  l a c k  of e f f e c t  of NH3 a t  t h e  h igher  p r e s s u r e s ,  t h a t  i s ,  
under t h e s e  p re s su res  NH3 may not  be  e f f e c t i v e l y  r e l e a s e d  from t h e  (NHI+)~SO~ 
(Figure 1 6 ) .  
When t h e  flame temperature  w 
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3 .  E f f e c t  of Amines on Combustion 
The amines were added s o  t h a t  t h e  amine is  p resen t  a t  a 
cons tan t  mole pe rcen t  (based on one weight percent  f o r  dimethyldodecylamine). 
The weight of t he  amine i s  sub t r ac t ed  from t h e  f u e l  component wh i l e  c a t a l y s t s  
are added t o  the  b a s i c  formula t ion  s o  t h a t  i n  a l l  cases t h e  @-fuel  r a t i o  
remains cons tan t .  When aluminum i s  added, i t  is sub t r ac t ed  from t h e  f u e l  
component. 
polymer (hydroxy te rmina ted  polybutadiene)  systems. 
All combustion d a t a  f o r  t h e  amine work are based on uncured AP- 
The r e s u l t s  i n  F igure  1 7  show t h e  e f f e c t  of varying both t h e  
base s t r e n g t h  and t h e  v o l a t i l i t y  of t h e  amine. Dodecylamine, a primary amine, 
and dimethyldodecylamine, a t e r t i a r y  amine, d i f f e r  l i t t l e  i n  t h e i r  v o l a t i l i t y  
( b o i l i n g  p o i n t ,  DO amine 259OC; DMDO amine %29OoC). The burning rates of t h e  
two combustion systems conta in ing  t h e s e  bases  were e s s e n t i a l l y  t h e  same from 
300-1500 p s i .  A t  2500 p s i ,  t h e  system wi th  DO amine ex t inguished ,  whi le  t h a t  
with DMDO amine burned a t  approximately t h e  same rate as i t  had a t  1500 p s i .  
A g r e a t e r  change w a s  noted when two amines of comparable base  s t r e n g t h  bu t  
d i f f e r e n t  v o l a t i l i t y  were compared (bo i l ing  p o i n t ,  DMDO amine, 29OoC; tri- 
ethylamine, 89.5'C). A t  t h e  lower p re s su res ,  t h e  more v o l a t i l e  amine (TE 
amine) had l i t t l e  e f f e c t ,  whi le  a t  t h e  h igher  p re s su res  i t  gave t h e  same 
burning rate as t h e  less v o l a t i l e  a d d i t i v e  (DMDO amine). 
The r e s u l t s  i n  F igure  18 show t h a t  i n  t h e  absence of a 
c a t a l y s t ,  t h e  amine depresses  t h e  burning rate a t  a l l  p re s su res ,  When a 
c a t a l y s t  such as Cu0202 i s  added, t h e  amine s t i l l  depresses  t h e  burning rate 
but  only a t  the  h i g h e r  p re s su res  (>600 p s i  i n  t h e  system i n v e s t i g a t e d ) .  When 
A 1  i s  s u b s t i t u t e d  f o r  p a r t  of t h e  polymeric b inde r  t h e r e  i s  an inc rease  i n  
burning rate, however t h e  amine is  s t i l l  e f f e c t i v e  i n  reducing t h e  burning 
rate below t h a t  of t h e  con t ro l .  The presence of A 1  i nc reases  t h e  p re s su re  a t  
which t h e  s l o p e  approaches zero from 111500 t o  1\.2300 p s i .  Using t h e  same amine 
with a f i n e r  p a r t i c l e  s i z e  AP r e s u l t s  i n  a r e l a t i v e l y  g r e a t e r  burning rate 
depress ion  than f o r  t h e  coa r se r  blend ox id ize r .  
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The last v a r i a b l e  i n v e s t i g a t e d  i n  t h i s  series w a s  the f u e l ,  
When dodecylamine i s  added t o  a formula t ion  wi th  a polve ther  (provlyene g l y c o l )  
backbone ( a l l  the  o t h e r  work i s  w i t h  a hydrocarbon backbone), t h e  p re s su re  
exponent becomes nega t ive  above ~ 6 0 0  p s i  and extinguishment occurs  a f t e r  
1000 p s i  (Figure 19). 
I n  those  combustion experiments dea l ing  wi th  substances 
(NH3, amines) which r e t a r d  burning,  i t  w a s  noted t h a t  t h e r e  i s  a s i g n i f i c a n t  
d i f f e r e n c e  between t h e  two f u e l  systems (polyether-polyurethane and 
hydrocarbon-polyurethane). Previous work a t  Aero je t  (Reference 24) and some 
recent  work by Summerfield (Reference 25) ind ica t ed  t h a t  t h e  important d i f -  
fe rence  between the  two systems is  t h a t  one melts and one cha r s  on decompo- 
s i t i o n .  
ox id i ze r  (AP). 
Figure 20. It w a s  found t h a t  t he  smaller the  p a r t i c l e  s i z e ,  t h e  lower t h e  
pressure  a t  which t h e  m e s a  and extinguishment occurred.  With very  f i n e  AP 
( 3 - 9 p ) ,  i t  w a s  no t  p o s s i b l e  t o  s u s t a i n  burning a t  any p res su re  above atmos- 
pher ie .  Increas ing  t h e  o x i d i z e r  loading ,  s u b s t i t u t i n g  aluminum f o r  some of 
t h e  polymeric b inde r ,  adding c a t a l y s t s  such as Cu0202 o r  i n e r t  a d d i t i v e s  such 
as s i l i ca ,  o r  using a b inde r  which cha r s  on decomposition modif ies  t h e  r e s u l t s  
such t h a t  t h e  mesa d i sappea r s ,  becomes a p l a t eau  o r  s h i f t s  t o  h ighe r  p re s su res  
(Figure 2 1 ) .  It i s  a l s o  i n t e r e s t i n g  t o  no te  t h a t  w i t h  a bimodal blend of AP 
when t h e  concent ra t ion  of t h e  f i n e r  p a r t i c l e  s i z e  component reaches %30%, t h e  
p r o a e l l a n t  ex t inguishes  a t  approximatel-y the  same p res su re  as i f  i t  were 
unimodal i n  t h e  f i n e r  p a r t i c l e  s i z e ,  F igure  22. 
W e  have extended t h i s  work t o  a series of p r o p e l l a n t s  wi th  unimodal 
The r e s u l t s  with a polyether-polyurethane b inde r  are shown i n  
5, Pressed  Powder S t rands  
When t h e  s t r and  p r e s s  and d i e s  were b u i l t ,  a r e l a t i v e l y  l a r g e  
s t r and  s i z e  (9.5 nm2 x 125 nm) w a s  s e l e c t e d .  
worked ou t  i n  which a base  s t r a n d  of aluminum (harder  than t h e  AP bu t  s o f t e r  
than t h e  s teel  d i e )  i s  pressed  be fo re  each sample s t r a n d .  This  tends t o  
minimize s t r a i n  due t o  s l i g h t l y  uneven f i l l  cond i t ions .  
of experimenting, two d i f f e r e n t  s t r a n d  r e s t r i c t i o n s  w e r e  chosen; (1) a halo-  
f luorocarbon w a s  spread  over  t h e  s u r f a c e  of t h e  s t r a n d ,  and (2) a po lysu l f ide  
(3M's EC801) polymer w a s  cured around t h e  s t r a n d .  
AP obta ined  wi th  t h e s e  two r e s t r i c t i o n s  agree w e l l  w i th  o t h e r  i n v e s t i g a t o r s  
except f o r  t h e  p o l y s u l f i d e  r e s t r i c t e d  s t r a n d  a t  t h e  lower p re s su re .  A t  300 
p s i ,  t h e  po lysu l f ide  r e s t r i c t e d  s t r a n d s  burned somewhat f a s t e r  than  those  
r e s t r i c t e d  by the  halof luorocarbon.  (Work s t i l l  i n  progress  i n d i c a t e s  t h a t  
with p re s sed  s t r a n d s  t h e  na tu re  of t h e  r e s t r i c t i o n  may be important  a t  low 
burning rates.) 
A p re s s ing  procedure has  been 
Af te r  a g r e a t  d e a l  
Burning rate d a t a  on pressed  
1 2  
The i n i t i a l  area of i n v e s t i g a t i o n  wi th  t h e  p re s sed  s t r a n d s  
was a comparison of t h e  burning rate of MAP and AP + f u e l  ( formulated t o  t h e  
same oxygen balance as M A P ) .  
the  combustion system f a i l e d  as the polye thylene  has  e las t ic  prop 
t h a t  a f t e r  t h e  s t r a n d  i s  pressed  i t  starts t o  crumble as t h e  poly 
r e tu rns  t o  i ts  pre-compressed s i z e .  The system set t le  
ac id .  The formula t ion  of 87.4% AP and 12.6% stearic a 
boxyl ic  a c i d  group (-COOH), is  oxygen balanced, and only t h e  CH3(CH2)16 p a r t  
of t he  stearic a c i d  is the f u e l  component. AP of 3-9l.1 p a r t i c l e  s i z e  w a s  used 
as t h i s  w a s  t h e  approximate p a r t i c l e  s i z e  of t h e  s t e a r i c  a c i d .  I n  order  t o  
ob ta in  more p o i n t s ,  t h e  o r i g i n a l  125 mm long s t r a n d s  were cu t  i n t o  two ~ 6 0  mm 
o r  f o u r  ~ 3 0  mm s t r a n d s  and f i r e d  i n d i v i d u a l l y .  The AP-stearic a c i d  s t r a n d s  
were pressed  a t  20,000 l b s / i n . 2  and the  MAP s t r a n d s  pressed a t  12,000 lbs / in . ' ,  
whi le  mixtures  of t h e s e  w e r e  p ressed  a t  an in t e rmed ia t e  p re s su re .  
rates f o r  M A P ,  AP + stearic ac id ,  and mixtures  of AP, MAP and s tear ic  a c i d  are 
shown i n  Figures  23 and 24.  
t he  systems remains cons t an t ,  t h e  burning rates and p res su re  exponents vary .  
Attempts t o  burn MAP a t  500 and 1000 p s i  r e s u l t e d  i n  de tona t ions  (not  p re s su re  
su rges ) .  
The a t tempt  t o  use polyethylene as 
Burning 
It can be  seen  t h a t  wh i l e  t he  oxygen balance f o r  
I11 . DISCUSSION 
A. DECOMPOSITION STUDIES 
The d a t a  from the  ho t  p l a t e  experiment (Table 1 )  show t h a t  t h e  
rate a t  which the  AP leaves t h e  h o t  s u r f a c e  ( e i t h e r  by subl imat ion  o r  decompo- 
s i t i o n )  i n  a given t i m e  per iod ,  i s  slowed down when a base  (Na3P04) is  added 
t o  t h e  AP. These d a t a  i n d i c a t e  t h a t  t h e  base i n  some way s lows t h e  forward 
r e a c t i o n  i n  Equation (1). 
(1) A NHqC104 \-' NH3 + HClO4 
most l i k e l y  by s t a b i l i z i n g  HC104  and thereby s h i f t i n g  Equation (1) t o  t h e  l e f t .  
The s t a b i l i z a t i o n  cannot come from a s imple n e u t r a l i z a t i o n  (only 20% would be 
involved) bu t  very l i k e l y  is  due t o  an equi l ibr ium involving some loose ly  h e l d  
complex of HC104 and phosphate. This  could account f o r  both decomposition and 
subl imat ion  being r e t a rded .  I f  t h e  decomposition r e a c t i o n  w e r e  preceded by 
the same desorp t ion  s t e p s  as i n  subl imat ion ,  Equat ion ( 2 ) ,  
1 3  
----4rdecomposition products  
N H ~ C ~ O L ,  r e a c t i o n  products  
( a )  E adsorbed 
the  r a t i o  of decomposition t o  subl imat ion  should remain t h e  same i n  t h e  
presence of a base  as i t  i s  wi th  pu re  AP (although t h e  o v e r a l l  rate of d i s -  
appearance of t he  sample is  slowed down). It i s  d i f f i c u l t  t o  see how t h e  
base  could a f f e c t  H C 1 0 4  decomposition a f t e r  desorp t ion .  The experimental  
d a t a  show t h a t  wi thout  base  p re sen t  %25% of t h e  o v e r a l l  r e a c t i o n  goes by 
subl imat ion  while  i n  t h e  presence of a base  60-70% of the  r e a c t i o n  proceeds 
by subl imat ion .  The d a t a  c l e a r l y  p o i n t  t o  much, i f  n o t  a l l ,  of t h e  decompo- 
s i t i o n  occurr ing  i n  t h e  condensed phase.  The e f f e c t  of t h e  base  i s  t o  s h i f t  
t he  equi l ibr ium,  Equation (11, t o  t h e  l e f t  by s t a b i l i z i n g  t h e  I i C l O 4  a g a i n s t  
decomposition. This may occur by i n h i b i t i v e  s u r f a c e  d i f f u s i o n  of t h e  H C l 0 4  
t o  a c t i v e  sites (Reference 1 2 > ,  o r  by a f f e c t i n g  t h e  n a t u r e  of t h e  HO-ClO3 
bond o r  by a f f e c t i n g  t h e  formation of C 1 0 4  r a d i c a l s .  
Since i t  w a s  found t h a t  substances such as NaH2P04, SbzO3, and 
As203 a l s o  nega t ive ly  a f f e c t e d  t h e  AP decomposition, i t  i s  specula ted  t h a t  
t h i s  e f f e c t  i s  most l i k e l y  due t o  some loose ly  he ld  complex between HC104 and 
an oxygen from t h e  b a s i c  a d d i t i v e  (except  f o r  Na3P04 none of t h e  a d d i t i v e s  are 
bas i c  enough t o  r e p l a c e  t h e  NH3 from AI?). Therefore ,  a l o o s e  complex i n  
equi l ibr ium with t h e  AP, Equation ( 3 ) ,  
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i s  envis ioned wi th  a r e s u l t i n g  s t a b i l i z a t i o n  of t h e  HC104 f o  
s o c i a t i o n  of AP. An important p o i n t  t o  no te  a t  t h i s  t i m e  is  a t  s t a b i l i z a t i o n  
by base  o r  f r e e  NH3 only a f f e c t s  t h e  low temperature  (L.T.) 
AP. This  i s  important  when cons ider ing  t h e  e f f e c t  of t h e s e  
a c t u a l  combustion s i t u a t i o n .  
When t h e  systems conta in ing  bases  were i n v e s t i g a t e d  using DTA a t  
ambient p re s su re ,  l i t t l e  d i f f e r e n c e  w a s  noted between the  AP samples conta in ing  
base and pure  AP. However, as p r e s s u r e  was inc reased ,  t h e  sample conta in ing  
the  base  w a s  s t a b i l i z e d  i n  r e l a t i o n  t o  the  pure  AP. 
noted t h a t  i nc reas ing  p res su re  lowers t h e  d e f l a g r a t i o n  temperature  of AP 
u n t i l  a l i m i t i n g  va lue  of %310-320°C is reached (Figure 6 ) .  
Figure 4 ,  t h e  presence of a base a f f e c t s  A 2  s o  t h a t  even a t  incyeased 
p res su re  the  d e f l a g r a t i o n  temperature i s  not lowered below %38OoC,  t he  high 
temperature (H.T.) decomposition threshold  (Reference 1). Since i t  has  been 
demonstrated t h a t  t h e  base  a f f e c t s  L.T. bu t  no t  H.T. decomposition (F igures  2 
and 3 ) ,  t h e  s t a b i l i t y  of t he  AP a t  h igh  p res su res  comes through a r ep res s ion  
of t h e  L.T.  decomposition process .  Conversely, t h e  lowering of t h e  AP 
d e f l a g r a t i o n  temperature  with p re s su re  must be  due t o  c a t a l y s i s  by HC104  o r  
t he  L.T. decomposition products  (which under p re s su re  cond i t ions  are kep t  a t  
the  s u r f a c e  of t h e  sample).  b similar r ep res s ion  of the  L.T, decomposition 
can be  achieved by t h e  use  of an  ammonia atmosphere. F igure  5 shows t h a t  t h e  
d e f l a g r a t i o n  temperature  of AP, under a 70 p s i  p.p. of NH3 and t o t a l  p re s su res  
up t o  1000 p s i ,  is  no t  lowered below %38OoC. 
It has  been previous ly  
A s  seen  fram 
The a d d i t i o n  of HC104  t o  AP produces some i n t e r e s t i n g  DTA r e s u l t s .  
A t  a temperature s l i g h t l y  h ighe r  than  i t s  b o i l i n g  p o i n t  ( a s  seen  wi th  t h e  
N a C l  sample) ,  t h e r e  i s  an exotherm which would appear  t o  b e  a heterogeneous 
r e a c t i o n  between gaseous HC104 and undissoc ia ted  AP. 
around 3 O O 0 C ,  t h e  temperature  a t  which exotherms appear i n  t r a n s i t i o n  metal 
and C103-  ca ta lyzed  AP. 
a t  which homogeneous decomposition of HC104 would be  s i g n i f i c a n t  (Reference 26) ,  
the  r e a c t i o n  i s  most l i k e l y  e i t h e r  t h e  d i r e c t  r e a c t i o n  of HC104 wi th  AP o r  
c a t a l y s i s  by products  formed i n  t h e  r e a c t i o n  occurr ing  a t  %2OO0C. When t h e  
system is  s u b j e c t  t o  p re s su re ,  t h e  low temperature  exotherm disappears  ( t h e  
h ighe r  p re s su re  r e q u i r e s  a h ighe r  temperature  f o r  H C l 0 4  t o  b o i l ) .  However, 
the  sample d e f l a g r a t e s  a t  %320°C which is lower than  t h e  temperature  a t  which 
pure AP d e f l a g r a t e s  a t  250 p s i .  It appears t h a t  below %3OO0C t h e  d i r e c t  
r e a c t i o n  of HC104 wi th  AP (both r e a c t a n t s  i n  t h e  condensed phase) is n o t  
A l a r g e  exotherm occurs  
Since t h i s  temperature  i s  lower than  t h e  temperature  
t i c u l a r l y  r ap id .  A t  %300°C, t h i s  d i r e c t  r e a c t i o n  can 
occur  p r imar i ly  through c a t a l y s i s  by in t e rmed ia t e s  €0 
s i t i o n  of HC104.  
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W e  have ear l ier  suggested (Reference 20) t h a t  t h e  'h igh tempera- 
t u r e '  (H,T.) decomposition (1~380°C) does not  r e q u i r e  t h a t  t h e  pro ton  be  f u l l y  
t r a n s f e r r e d  t o  the  C104- i o n  b 
work wi th  copper compo as c a t a l y s t s  f o r  
of bases  o r  under an atmosphere, i nd  
pa th  e i t h e r  does 
t as HC104 is f o  
Equation (11, l ies  w e l l  t o  t h e  l e f t )  i t  decomposes on t h e  c a t a l y s t ,  thereby 
d r iv ing  t h e  r e a c t i o n  t o  t h e  r i g h t .  E i t h e r  explana t ion  involves  t h e  decompo- 
s i t i o n  tak ing  p lace  a t  t h e  condensed phase.  While t h e  NHJ atmosphere has no 
e f f e c t  on t h e  AP decomposition when copper i s  t h e  c a t a l y s t ,  i t  does a f f e c t  a l l  
t h e  o t h e r  t r a n s i t i o n  m e t a l  oxides  t e s t e d .  I n  almost a11 of t h e  o t h e r  cases, 
t h e  c a t a l y s t  i s  i n e f f e c t i v e  u n t i l  ~380OC which is  t h e  temperature  a t  which 
uncatalyzed AP begins  t o  decompose under an ammonia atmosphere. It appears 
t h a t  i n  t h e  'low temperature '  (L.T.) decomposition range,  Fe203,  C r z O 3 ,  and 
MnO2 c a t a l y z e  t h e  H C l 0 4  a f t e r  i t  i s  formed from t h e  d i s s o c i a t i o n  of AP.  When 
the  AP d i s s o c i 2 5 x n  is repressed ,  t h e  c a t a l y s t s  are i n e f f e c t i v e  u n t i l  t h e  
high temperature  region.  Thei r  r o l e  i n  t h i s  reg ion  depends on the  na tu re  of 
t h e  high temperature decomposition pa th  ( see  below). The unusual e f f e c t i v e n e s s  
of copper may be r e l a t e d  t o  i t s  e f f e c t i v e n e s s  no t  only as a c a t a l y s t  f o r  t h e  
decomposition of HC10,  b u t  as a c a t a l y s t  f o r  t h e  ox ida t ion  of NH3. 
which i s  a mixed oxide,  Co(I1) and C o ( I I I ) ,  w a s  i n t e rmed ia t e  i n  i t s  c a t a l y t i c  
e f f e c t i v e n e s s  under an  NH3 atmosphere. The re la t ive amount of COO and C02O3 
i n  Co3O4 is  a func t ion  of t h e  temperature  and i t s  e f f e c t i v e n e s s  may be  r e l a t e d  
t o  t h i s  v a r i a b l e  ox ida t ion  s t a t e  which al lows t h e  coba l t  t o  func t ion  both as 
a reducing and oxid iz ing  agent .  
CogO4, 
The methyl s u b s t i t u t e d  ammonium p e r c h l o r a t e  compounds have been 
cha rac t e r i zed  i n  an earlier p u b l i c a t i o n  (Reference 22) e 
with  t h e s e  compounds i n  t h e  cu r ren t  program w a s  designed t o  shed l f g h t  on t h e  
decomposition mechanisms of t he  pa ren t  compound, AF'. A po in t  of s i m i l a r i t y  
t o  AP i s  t h a t  t h e i r  c r y s t a l  s t r u c t u r e  goes from a pe rch lo ra t e  determined 
l a t t i ce  t o  one i n  which both  the  c a t i o n  and the  anion are f r e e l y  r o t a t i n g .  
They a l s o  thermally d i s s o c i a t e  i n t o  methyl s u b s t i t u t e d  ammonia (amine) and 
p e r c h l o r i c  a c i d ,  Work wi th  AP has shown t h a t  under t h e  condi t ions  of a DTA 
(hea t ing  rate %lO-2OoC/min.) c a t a l y s t s  o r  p re s su re  lowers t h e  d e f l a g r a t i o n  
temperature down t o  b u t  no t  below ~ 3 0 0 ~ C .  Nei ther  methylamine pe rch lo ra t e  
i n  which t h e  p e r c h l o r a t e  i o n  i s  f r e e l y  r o t a t i n g  a f t e r  178°C (and m e l t s  a t  
26OOC) o r  dimethylamine p e r c h l o r a t e  which m e l t s  a t  1 8 O O C  d e f l a g r a t e s ,  under 
these  cond i t ions ,  be fo re  1~309°C. For t h e  amine p e r c h l o r a t e s  t h i s  temperature  
The a d d i t i o n a l  work 
owered wi th  c a t a l y s t s  o r  p re s su re .  This  temperature  
t h e  lower temperature  l i m i t  a t  which t h e  he te roge  
o r  t h e  r e a c t i o n  of HC104 w i th  ammonia o r  s u b s t i t u t e d  
ammonium i o n s  is  r a p i d  enough t o  l e a d  t o  d e f l a g r a t i o n .  I f  e i t h e r  t h e  decompo- 
s i t i o n  o r  r e a c t i o n  of HC104 i s  important  i n  t h e  decomposition of t h e  amine 
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p e r c h l o r a t e s ,  a b a s i c  compound would be expected t o  a f f e c t  t h e  thermal 
p r o p e r t i e s  of t hese  m a  
s t a b i l i z e  t h e  amine pe 
a t t a i n e d  before  d e f l a g r a t i o n  
pe rch lo ra t e  (TeMAP), i n  t h i s  which does no 
is t h e  only  one of t h e  amine l o r a t e s  which 
HC104,  
temperature i s  not  s i g n i f i c a n t l y  a f f e c t e d  by p r e s s u r e ,  c a t a l y s t s ,  o r  b a s i c  
a d d i t i v e s .  The temperature  reg ion  where TeMAP d e f l a g r a t e s  is  a l s o  the  
threshold  where t h e  AP 'h igh temperature '  decomposition begins  (Reference 1). 
KC1O4,  which does n o t  form HC104 no r  does i t  have a f u e l  component, is  s t a b l e  
a t  these  temperatures .  The d a t a  sugges t  t h e  p o s s i b i l i t y  of a d i r e c t  exo- 
thermic ox ida t ion  of t h e  s u b s t i t u t e d  ammonium i o n  by t h e  p e r c h l o r a t e  ion .  By 
comparison, i t  is  p o s s i b l e  t h a t  a s imilar  r e a c t i o n  desc r ibes  t h e  'high tempera- 
t u r e '  decomposition of AP. 
s i t i o n  of AP under a n  NH3 atmosphere above %380-4OO0C (Reference 20).  
TeNAP d e f l a g r a t e s  ( i n  t h e  DTA) between 38OoC and 41OOC and t h i s  
This l a t t e r  i d e a  i s  compatible wi th  t h e  decompo- 
B. COMBUSTION 
That b a s i c  a d d i t i v e s  such as NaH2P04 do not  a f f e c t  t h e  combustion 
of an AP composite p r o p e l l a n t  (from 300-2500 p s i )  i s  not  s u r p r i s i n g  when i t  
i s  remembered t h a t  t h e s e  materials a f f e c t  only t h e  'low temperature '  decompo- 
s i t i o n  of AP. Last y e a r ' s  work has  a l ready  shown t h a t  c a t a l y s i s  (by cl03-) 
of t h e  'low temperature '  decomposition of AP has  no e f f e c t  on t h e  combustion 
rate e 
The r e s u l t s  of t he  work under an ammonia atmosphere were no t  as 
p r e d i c t a b l e  as those  wi th  t h e  added bases .  Our r e s u l t s  i n  which an ammonia 
atmosphere had no e f f e c t  on the  i g n i t i o n  o r  burning of  an AP-fuel mixture  are 
cont ra ry  t o  r e s u l t s  i n  some o l d e r  work a t  JPL (Reference 23).  
t o  see how NH3 i n  t h e  atmosphere can a f f e c t  combustion once i g n i t i o n  is  
achieved as the  NHJ would have t o  d i f f u s e  through t h e  flame f r o n t  t o  t h e  
s u r f a c e  of t h e  condensed phase. T t  i s  p o s s i b l e  i n  t h e  JPL work t h a t  t h e  
s t r a n d s  were no t  r e s t r i c t e d  and t h a t  NHq could d i f f u s e  i n t o  t h e  AP-fuel 
mixture  at p o i n t s  o t h e r  than  through t h e  flame f r o n t ,  o r  t h a t  t h e  s t r a n d s  
became s a t u r a t e d  w i t h  NH3 by r e l a t i v e l y  long exposure t o  t h i s  atmosphere 
before  i g n i t i o n  w a s  a t tempted.  It w a s  considered p o s s i b l e  t h a t  t h e  NHJ would 
a f f e c t  i g n i t i o n ,  however, whi le  t h i s  w a s  not  q u a n t i t a t i v e l y  s t u d i e d ,  no d i f -  
f i c u l t y  w a s  encountered i n  ignitin!: s n  AP composite under an NH3 atmosphere. 
Even when NH3 r e l e a s i n g  compounds such as (NHq)2S04 were i n  t h e  p r o p e l l a n t ,  
i g n i t i o n  was  e a s i l y  achieved and the  composite burned a t  low p res su res .  
However, t h e  c o n t r o l  formulat ion w i t h  Na2S01, would i g n i t e  b u t  no t  burn below 
~ 1 5 0  p s i .  
It is  d i f f i c u l t  
17 
We have previous ly  suggested t h a t  d i s s o c i a t i v e  ev 
'h igh temperature '  decomposition are t h e  two mechanisms 
decomposition of AJ? dur ing  combustion, It was a l s o  sug 
mechanisms were ope ra t ing  and t h e i r  relative c o n t r i b u t i  
of p re s su re  (p r imar i ly  i n s o f a r  as p res su re  a f f e c t s  t h e  
su r face )  and c a t a l y s t s .  A ca 
e f f e c t  of t h e  path involv ing  
from previous  work which has  shown t h a t  i n  an NH3 atmosphere, decomposition 
proceeds r ap id ly  a t  temperatures  above 380OC and i n  t h e  presence of a c a t a l y s t  
a t  temperatures  above .~310'C ( a t  t h i s  lower temperature  subl imat ion  i s  t o t a l l y  
repressed  by an NHq atmosphere). From t h e  experimental  work i t  can be seen  
t h a t  t h e  NHJ r e l e a s i n g  compound, (NHL+)~SOL+, w a s  e f f e c t i v e  only a t  t h e  lower 
ox id ize r  loading and t h e r e f o r e  a t  t h e  lower flame temperature .  When the  h e a t  
f l u x  back t o  the  s u r f a c e  i s  increased  by inc reas ing  p res su re  o r  h ighe r  flame 
temperature (h igher  o x i d i z e r  loading o r  s u b s t i t u t i n g  aluminum f o r  some of t h e  
polymeric b inde r ) ,  t h e  e f f e c t  of t h e  NH3 diminishes .  S i m i l a r l y ,  i n  t h e  
presence of a copper c a t a l y s t ,  t h e  e f f e c t  of t h e  NH3 appears t o  be e l imina ted .  
I n  an AP-fuel composite w i th  a t  least  75% o x i d i z e r  o r  i n  a ca t a lyzed  com- 
p o s i t e ,  a t  even lower o x i d i z e r  concen t r a t ions ,  d i s s o c i a t i v e  evapora t ion  is  
e i t h e r  n o t  an  important  pa th  f o r  combustion o r  t h e  AP d i s s o c i a t i o n  equi l ibr ium 
cannot be  s i g n i f i c a n t l y  a f f e c t e d  by NHj r e l e a s i n g  compounds. 
An e s p e c i a l l y  i n t e r e s t i n g  series of combustion experiments are 
those which have shown t h a t  a s m a l l  amount (1%) of an amine s i g n i f i c a n t l y  
a f f e c t s  t h e  burning ra te  of an AP-fuel composite (Reference 20) .  
work has  shown t h a t  i f  t h e  amine is  a s t r o n g e r  base  than ammonia, t h e  exac t  
base s t r e n g t h  i s  no t  important .  A t e r t i a r y  amine, dimethyldodecyl,  and a 
primary amine, dodecyl,  have e s s e n t i a l l y  the  same e f f e c t  a t  t h e  same molar 
concent ra t ion .  The v o l a t i l i t y  of t h e  above two amines is  approximately t h e  
same. When an amine of comparable base  s t r e n g t h  b u t  g r e a t e r  v o l a t i l i t y ,  
t r i e t h y l ,  w a s  used, t h e r e  w a s  l i t t l e  depress ion  of t h e  burning rate a t  t h e  
lower p re s su res  bu t  t h e  depress ion  a t  t h e  h igher  p re s su res  w a s  t h e  same as 
t h a t  w i th  t h e  less v o l a t i l e  amines, F igure  1 7 .  Since t h e  amount of  amine 
present  i s  s m a l l  compared t o  t h e  t o t a l  o x i d i z e r ,  t h e  e f f e c t  of t h e  amine is 
most l i k e l y  at the  s u r f a c e  of t he  o x i d i z e r .  One can look a t  t h e  measured 
burning rate as being t h e  sum of two t e r m s ,  (1)  t i m e  t o  i g n i t i o n  of an i n d i -  
v i d u a l  p a r t i c l e ,  and (2)  burning rate of t he  p a r t i c l e  ( t h i s  i d e a  has  been 
suggested earlier,  Reference 271, The b a s i c  amine would d i s p l a c e  NH3 a t  t h e  
su r face  of t h e  AP t o  form t h e  amine p e r c h l o r a t e  and thus  a f f e c t  t h e  i g n i t i o n  
but  no t  t h e  burning rate of t he  p a r t i c l e .  I f  t h e  burning rate inc reases  w i t h  
p re s su re  b u t  i g n i t i o n  i s  independent ( o r  only s l i g h t l y  a f f e c t e d  by p res su re )  
over t h e  range s t u d i e d ,  t h e  i g n i t i o n  term becomes r e l a t i v e l y  l a r g e r  wi th  in -  
c reas ing  pressure .  The dependence of t h e  e f f ec t ive r -e s s  of a n  amine on i t s  
v o l a t i l i t y  can be expla ined  i f  t he  amine p e r c h l o r a t e  formed on t h e  s u r f a c e  
of t he  AP d i s s o c i a t e s  and subl imes,  o r  decomposes, i n  a manner s imilar  t o  AF'. 
The c u r r e n t  
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A t  t he  lower p re s su res ,  t h i s  d i s s o c i a t i o n  is fol lowed by a r a p i d  loss  of t h e  
products  leav ing  behind esse 
i s  inc reased ,  t h e  deso rp t ion  
the  amines t e s t e d  were a11 equal ly  e f f e c t i v e .  
I f  t h i s  explana t  
i nc rease  t h e  i g n i t i o n  term relative t o  t h e  burning rate term. Experiments 
have shown t h a t  t h e  e f f e c t  of t h e  amine is  g r e a t e r  w i th  t h e  smaller p a r t i c l e  
s i z e  o x i d i z e r .  A b inde r  which cha r s  should a i d  t h e  i g n i t i o n  process  compared 
t o  a b inde r  which smoothly decomposes t o  v o l a t i l e  products  as t h e  char  provides  
l o c a l  i g n i t i o n  si tes.  The p resen t  work has shown t h a t  t h e r e  is a g r e a t e r  
burning rate depress ion  wi th  t h e  po lye the r  system than  wi th  t h e  hydrocarbon. 
The a d d i t i o n  of aluminum can have two s e p a r a t e  effects i n  t h a t  it can provide  
f o r  b e t t e r  h e a t  t r a n s f e r  from the  s u r f a c e  t o  t h e  unigni ted  p a r t i c l e  as w e l l  
as providing a h ighe r  flame temperature  and thereby h e a t  f l u x  t o  both t h e  
i g n i t i o n  and burning rate process .  While t h e  h e a t  f l u x  a f f e c t s  both processes  
(but no t  n e c e s s a r i l y  e q u a l l y ) ,  t h e  h e a t  conduction r e s u l t s  i n  a decrease  i n  
the  i g n i t i o n  t i m e  re la t ive t o  t h e  burning rate t i m e  f o r  t he  p a r t i c l e .  Experi- 
ments show t h a t  t h e  break  i n  t h e  p re s su re  burning rate curve does occur a t  
h ighe r  p re s su res  f o r  t h e  composite conta in ing  A1 than  f o r  t h e  ones wi th  a11 
polymeric f u e l .  When a c a t a l y s t  such as Cu0202 is  added, t h e  amine s t i l l  
depresses  t h e  burning rate but  only a t  the  h ighe r  p re s su res  (>600 p s i  i n  t h e  
system i n v e s t i g a t e d ) .  The la t te r  experiment can be explained i f  t h e  c a t a l y s t  
a f f e c t s  t h e  i g n i t i o n  s t e p  (even i n  t h e  presence of t h e  amine pe rch lo ra t e )  more 
than i t  alters t h e  burning rate of  t h e  p a r t i c l e .  I n  t h e  ca t a lyzed  s i t u a t i o n ,  
t he  c o n t r i b u t i o n  of t h e  i g n i t i o n  term t o  t h e  o v e r a l l  burning rate is  small a t  
the  low pressures  (slow burning) and does not  become a s i g n i f i c a n t  term u n t i l  
the  burning ra te  i s  f a s t e r  (h igher  p r e s s u r e s ) .  
Summerfield's (Reference 25) explana t ion  of h i s  burning rate 
p res su re  curves which have p l a t e a u s ,  nega t ive  s l o p e s ,  and h igh  p res su re  
extinguishment is t h a t  w i th  a r e a d i l y  mel tab le  f u e l  t h e r e  is i n t e r m i t t e n t  
burning due t o  l o c a l i z e d  extinguishment when t h e  molten polymer l a y e r  covers  
t he  AP p a r t i c l e s .  
p l e t i o n  of o x i d i z e r  gases  which i n  t u r n  causes  a reduct ion  i n  t h e  mean burning 
rate o r  even ext inguishment .  
t he  i d e a  of i n d i v i d u a l  p a r t i c l e  i g n i t i o n  (as  d i scussed  above).  
f u e l  would o f f e r  a b a r r i e r  t o  t h e  e f f e c t i v e  t ransmiss ion  of h e a t  from t h e  
surface t o  the  sub-surface o x i d i z e r  p a r t i c l e s  ( i .e. ,  in terfere  wi th  t h e i r  
i g n i t i o n ) .  Although Summerfield does n o t  h an  explana t ion  f o r  t he  
being more pronounced a t  h ighe r  p r e s s u r e s ,  h i s  approach and ours  
exp la in  t h i s  e f f e c t .  E s s e n t i a l l y ,  t h e  rate of burning,  wi th  inc reas ing  
p res su re ,  of an i n d i v i d u a l  p a r t i c l e  i nc reases  r e l a t i v e  t o  t h e  rate of polymer 
decomposition, This means wi th  inc reas ing  p res su re  t h e r e  is  an i n c r e a s i n g l y  
r i c h  b i n d e r  l a y e r  which e i t h e r  causes  l o c a l  extinguishment (Summerfield) o r  
The r e s u l t  i s  an O/F flame t h a t  i s  weakened by l o c a l  de- 
The d a t a  can a l s o  be  expla ined  by inco rpora t ing  
A mel tab le  
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provides  an inc reas ing  b a r r i e r  f o r  h e a t  conduction t o  t h e  next  p a r t i c l e  (and 
t h e r e f o r e  a f f e c t s  f g n i t i o n  of t h e  p a r t i c l e ) ,  The l a t te r  is  o u r  cu r ren t  
hypothesis .  The advantage of 
t h a t  t h e  e f f e c t  of t h e  am 
d i f f i c u l t  t o  see how t h e  
cause e x t i n c t i o n ,  I n  t h e  
wi th  uncured b inders  s o  i t  
through a char  (o r  t o  go d i  
p o r t a n t  as t h e  proper ty  of mel t ing.  
would p r e d i c t  t h a t  an i n c r e a s e  i n  o x i d i z e r  p a r t i c l e  s i z e  o r  o x i d i z e r  loading 
would decrease  o r  e l i m i n a t e  the  mesa burning and extinguishment e f f e c t s .  
i d e a  of decreasing o r  e l imina t ing  t h e s e  e f f e c t s  by t h e  i n t r o d u c t i o n  of A l ,  
S iO, ,  o r  Cu0202 could be  explained b e t t e r  by these  materials being l o c a l  
i g n i t i o n  sources .  This  is  no t  conclus ive  as it  could be  argued t h a t  they 
impede t h e  flowing of t h e  m e l t  (Reference 28) (and i n  the  case  of A 1  sub- 
s t i t u t i o n  t h e r e  would be  less polymer). 
E i t h e r  explana t ion  of t h e  above phenomena 
The 
Work wi th  pressed  AP s t r a n d s  has  g e n e r a l l y  confirmed previous 
i n v e s t i g a t i o n s  except  t h a t  a t  the  upper p re s su re  range (1.2500 p s i )  t h e r e  i s  
no i n d i c a t i o n  of t h e  burning rate decrease  observed by some i n v e s t i g a t o r s .  
This may be  due t o  t h e  l a r g e  diameter  s t r a n d s  used i n  t h e  cu r ren t  s tudy .  
When Gloskova (Reference 29) went t o  12 mm diameter  AP s t r a n d s ,  t h e  decrease  
i n  burning rates wi th  inc reas ing  p r e s s u r e  d id  no t  occur  u n t i l  a f t e r  2500 p s i .  
When MAP and AP + stear ic  a c i d  (mixed t o  achieve t h e  same oxygen balance as 
M A P )  are pressed  i n t o  s t r a n d s ,  t h e  burning rate of  t h e  MAP (Figure 23) is 
much h ighe r  than  t h a t  of t h e  AP-CHz f u e l  mixture .  
burning rate curve i s  c l o s e  t o  u n i t y ,  and i n  f a c t  MAP has been pa ten ted  as 
an explos ive .  
The s lope  of t h e  MAP 
It i s  i n t e r e s t i n g  t o  no te  t h a t  the  exothermic h e a t s  of decompo- 
One important  d i f -  
s i t i o n ,  a t  least as determined by d i f f e r e n t i a l  scanning ca lo r ime t ry ,  are 
approximately t h e  same f o r  MAP and t h e  AP-fuel mixture .  
fe rence  between t h e s e  two systems i n  t h e  combustion s i t u a t i o n  may be  the  f a c t  
t h a t  MAP goes through a m e l t  a t  r e l a t i v e l y  low temperatures ,  a l though burning 
AP is  repor t ed  t o  have a m e l t  s u r f a c e  a t  some p res su res .  Poss ib ly  t h e  most 
important  d i f f e r e n c e  i s  t h a t  i n  t h e  AP system the  o x i d i z e r  and a t  least p a r t  
of t he  f u e l  are a p h y s i c a l  mixture ,  w h i l e  i n  MAP t h e  o x i d i z e r  and f u e l  com- 
ponents are p a r t  of t h e  same molecule. When 10-20% of MAp is  pressed  wi th  AP 
and stearic a c i d  (cons tan t  oxygen ba lance  being maintained) t h e  burning rate 
of t he  t h r e e  component composite is  d r a s t i c a l l y  d i f f e r e n t  from t h e  AP-stearic 
a c i d  composite, e s p e c i a l l y  a t  p re s su res  g r e a t e r  than  1000 p s i .  
experiment is  performed a polymeric f u e l  component, t h e  r e s u l t s  are 
q u i t e  d i f f e r e n t  from t h e  sed  s t r a n d  experfKent.  The t h r e e  component 
polymeric f u e l  composite burns a t  a lower rate than  t h e  c o n t r o l  (although 
t h e r e  is  aga in  a h igh  p res su re  s l o p e  above %lo00 p s i ) .  
When a similar 
There is  no t  a g r e a t  
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d i f f e r e n c e  i n  t h e  burning rate of a pressed  @-stearic a c i d  c o n t r o l  and a 
mixed AP-polymeric f u e l  con t ro l .  The e f f e c t  of t h e  f u e l  on such a system 
may g ive  important  i n s i g h t  i n t o  t h e  gene ra l  combustion m e  of a com- 
p o s i t e  p rope l l an t .  Work i n  t h i s  area i s  cont i n g  a t  the  p r  t i m e  . 
CONCLUS 
1. It i s  p o s s i b l e  t o  slow (negat ive ly  ca t a lyze )  t h e  AP 'low tempera- 
t u r e '  (bu t  no t  t he  'h igh temperature ' )  decomposition by t h e  use  of b a s i c  
a d d i t i v e s  such as NaH2P04, As2O3, and Sb2O3. 
both subl imat ion  and decomposition. 
The b a s i c  a d d i t i v e  r ep res ses  
2. The AP ' low temperature '  decomposition occurs  i n  t h e  condensed 
phase. 
s h i f t  t h e  d i s s o c i a t i o n  equ i l ib r ium b u t  s i g n i f i c a n t l y  reduce t h e  amount of 
decomposition re la t ive t o  subl imat ion .  
loose  complex i s  formed between HC104 and an oxygen from t h e  b a s i c  a d d i t i v e ,  
It  has  been shown t h a t  t h e  above mentioned b a s i c  a d d i t i v e s  not  only 
It is specu la t ed  t h a t  some s o r t  of 
thereby s t a b i l i z i n g  t h e  p e r c h l o r i c  ac id .  
3. The lowering of t h e  AP d e f l a g r a t i o n  temperature  wi th  p re s su re  i s  
I f  t h e  L.T. d i s s o c i a t i o n  process  is  r ep res sed  by e i t h e r  
due t o  c a t a l y s i s  by t h e  'low temperature '  decomposition proclucts o r  auto- 
c a t a l y s i s  by HC104. 
base o r  an NHQ atmosphere, p re s su re  does not  lower t h e  AP d e f l a g r a t i o n  
temperature below .~380OC. 
4 .  Copper ca t a lyzed  AP decomposition occurs  at t h e  condensed phase.  
Among t h e  t r a n s i t i o n  metals t e s t e d  only copper c a t a l y z e s  t h e  decomposition of 
AF' under condi t ions  (base o r  NH3) i n  which t h e  d i s s o c i a t i o n  of AP i n t o  gaseous 
products  is e s s e n t i a l l y  repressed .  
5. There appears  t o  be a lower temperature  l i m i t  below which t h e  
heterogeneous decomposition of HC104 o r  t h e  r e a c t i o n  of HClO4 w i th  ammonia o r  
s u b s t i t u t e d  ammonium i o n s  i s  no t  r a p i d  enough t o  l e a d  t o  d e f l a g r a t i o n .  This  
temperature i n  a DTA wi th  hea t ing  rates of 10-20°C/min. is ~300OC. 
t r u e  even f o r  t he  ca t a lyzed  decomposition of dimethylammonium p e r c h l o r a t e  
which m e l t s  a t  1 8 O O C .  
This  i s  
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6. The 'h igh temperature '  (N ,T , )  decomposition of Ap may involve  t h e  
d i r e c t  ox ida t ion  of t h e  ammonium i o n  by t h e  p e r c h l o r a t e  ion .  This  has  been 
suggested earlier by t h e  f a c t  t h a t  i n  t h e  H.T. deco i t i o n  range (2380'C) 
AP decomposes even under an NH3 atmosphere. 
t h i s  compound begins  t o  decompose a t  2380-4OO0C. 
are not  f u e l  components (e.g. ,  KC10,) are l e  a t  t h i s  temper 
The c u r r e n t  work wi th  t e t r ame thy l  
r c h l o r a t e  (which has  no pro ton  wi th  which t o  form HC104)  shows t h a t  
Pe rch lo ra t e s  whose c a t i o n s  
7. The 'low temperature '  (L.T.) AP decomposition does no t  a f f e c t  t h e  
combustion of an AP composite p r o p e l l a n t  over t h e  p re s su re  range of 300-3000 
p s i .  It has  been shown earlier t h a t  substances ( e . g . ,  C103-) which c a t a l y z e  
t h e  L , T .  decomposition do no t  a f f e c t  t h e  combustion of a composite p rope l l an t .  
I n  the  p r e s e n t  s tudy i t  is  shown t h a t  a d d i t i v e s  which nega t ive ly  c a t a l y z e  t h e  
L,T.  decomposition do n o t  a f f e c t  t h e  combustion of an AP composite p r o p e l l a n t ,  
8. I n  an AP-fuel composite wi th  a t  least  75% o x i d i z e r  o r  i n  a 
ca ta lyzed  composite, a t  even lower o x i d i z e r  concen t r a t ions ,  d i s s o c i a t i v e  
evaporat ion is e i t h e r  no t  an important pa th  f o r  combustion o r  t h e  AP dis-  
s o c i a t i o n  equi l ibr ium cannot be s i g n i f i c a n t l y  a f f e c t e d  by NH3 r e l e a s i n g  
compounds. NH3 r e l e a s i n g  compounds a f f e c t  t he  combustion of an  AP composite 
only when t h e  hea t  f l u x  t o  t h e  s u r f a c e  is  low. An NH3 atmosphere has  no e f f e c t  
on the  burning of a r e s t r i c t e d  AP composite s t r a n d .  
9 .  A small amount of a not  too v o l a t i l e  (b.p.  a t  760 mm %25OoC) 
organic  amine depresses  t h e  burning rate of an AP composite. The g r e a t e s t  
depress ion  occurs  a t  t h e  h ighe r  p re s su res .  These d a t a  f i t  a hypothes is  which 
cons iders  t h e  measured burning rate as being t h e  sum of two terms, (1) t i m e  
t o  i g n i t i o n  of an i n d i v i d u a l  p a r t i c l e ,  and (2) t h e  burning rate of t h i s  p a r t i c l e .  
The amine p e r c h l o r a t e ,  which i s  formed a t  t h e  s u r f a c e  of the  AP, a f f e c t s  t h e  
i g n i t i o n  t i m e  bu t  no t  t h e  burning rate of a p a r t i c l e .  
10. A major d i v i s i o n  can be  made between f u e l s  which m e l t  and then  
v o l a t i l i z e  without  a r e s i d u e  and those  which form a cha r  during combustion. 
AP-fuel composites made wi th  the  former f u e l  have p res su re  burning ra te  curves 
which may e x h i b i t  p l a t e a u s ,  nega t ive  s l o p e s ,  and h igh  p res su re  ext inguishment .  
Where i n  t h e  p re s su re  burning ra te  curve these  p l a t e a u s ,  mesas, and ex t inguish-  
ment occur  i s  a func t ion  of t h e  o x i d i z e r  p a r t i c l e  s i z e ,  i . e . ,  t h e  f i n e r  t h e  
p a r t i c l e ,  t h e  lower t h e  pressure .  They can be expla ined  e i t h e r  by t h e  mel t ing  
f u e l  causing l o c a l  areas of extinguishment o r  as t h e  m e l t  i n t e r f e r i n g  wi th  t h e  
i g n i t i o n  of subsequent p a r t i c l e s .  
of how t h e  orga inc  amines a f f e c t  combustion. 
The la t te r  view t ies i n  wi th  ou r  explana t ion  
11. Pressed 
mately t e n  t i m e s  as 
approximately one. 
s t r a n d s  of methyl 
f a s t  as AP a t  300 
The e f f e c t i v e n e s s  
ammonium p e r c h l o r a t e  (W) burn approxi- 
p s i  and have a p res su re  exponent of 
of MAP i n  conjunct ion w i t h  AI? i n  a 
22 
composite depends on t h e  nature of t h e  f u e l .  
pressed s t r a n d  burns  at  Q5"/sec a t  2500 p s i  wh i l e  t h e  same o x i d i z e r  mixt 
with a polymeric f u e l  burns a t  o r  below t h e  AP c o n t r o l .  
An AP/MAP (80/20) stear ic  a c i d  
12. The c h a r a c t e r i s t i c s  of AP i n  a compo e p r o p e l l a n t  can 
i n t o  two d i f f e r e n t  ca t egor i e s :  
a. Moderate Temperature Conditions 
It is  i n  t h i s  area t h a t  t he  AP 'low temperature '  decomposition 
is important .  This  means t h a t  s m a l l  amounts of i m p u r i t i e s  i n  t h e  AP, such as 
C103', c a t a l y z e  t h e  decomposition of AP under temperature  cond i t ions  lower 
than those  during a c t u a l  combustion. Conversely, under t h e s e  cond i t ions ,  t h e  
decomposition of AP can be repressed  by NH3 r e l e a s i n g  compounds and by some 
b a s i c  materials. I f  s t a b i l i t y  i s  r equ i r ed  i n  t h i s  temperature  reg ion  f o r  a 
ca ta lyzed  AP composite, i t  can b e  achieved wi th  c a t a l y s t s  such as oxides o r  
i r o n ,  manganese and chromium, b u t  n o t  wi th  copper compounds. 
b .  Combustion Conditions 
The combustion of an AP-composite i s  not  a f f e c t e d  by t h e  above 
discussed AP L.T. decomposition process  (and t h e r e f o r e  not  by materials which 
a f f e c t  t h i s  L.T. decomposition).  
important mechanism i n  t h e  combustion of a ca t a lyzed  AP-composite p r o p e l l a n t .  
I n  an uncatalyzed composite,  d i s s o c i a t i v e  evapora t ion  i s  e i t h e r  n o t  impor tan t ,  
except under condi t ions  of low h e a t  f l u x  t o  t h e  s u r f a c e ,  o r  i t  is  not  p o s s i b l e  
t o  s i g n i f i c a n t l y  r e p r e s s  t h e  AP d i s s o c i a t i o n  by means of an NH3 atmosphere o r  
NH3 r e l e a s i n g  compounds. 
the  sum of the  t i m e  t o  i g n i t i o n  of an  i n d i v i d u a l  p a r t i c l e  and t h e  burning rate 
of t h e  p a r t i c l e .  The i g n i t i o n  t i m e  can be  inf luenced  by t h e  s u r f a c e  cond i t ion  
of t h e  o x i d i z e r  p a r t i c l e .  
D i s soc ia t ive  evapora t ion  of AP is not  an  
The observed burning rate may be considered t o  b e  
The above d e s c r i p t i o n  does not  t a k e  i n t o  account t h e  r o l e  of 
t he  f u e l  which, i t  has  been shown, can have cons iderable  in f luence  on t h e  
o v e r a l l  combustion c h a r a c t e r i s t i c s  of an M-composite p r o p e l l a n t ,  f e e . ,  
mel tab le  f u e l  and s m a l l  p a r t i c l e  s i z e  ox id i ze r .  
of t h e  f u e l  i n  t h e  o v e r a l l  combustion mechanism appears  t o  be  t h e  next  l o g i c a l  
s t e p  toward a complete understanding of t h e  combustion of a composite p r o p e l l a n t .  
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FIGURE 2 4 :  BURNING RATES OF PRESSED AP/MAP/STEARIC ACID STRANDS 
49 
